THIS DOCUMENT AND EACH ANO EVSHf / 
PAGE HEREIN IS HEREBY REOASStPtfiil 

fttOM^^Z TO li^fn flJ'^L^ J 

AS PER LETTERfeATED^LiS^ CfcCJ J^L*J 

^^j^/^mm-mm mm oibiii 



Source of Acquisition 
CASI Acquired 



HATIOIAli ADTXSQHY COMMITTEE FOE AEEOITAUTICS 




TA1TDEM A IE PSOPELLEES - II 

By E* P. Lesley 
Daniel Guggenheim Aer onaut ical Lab or at ory 
Stanford University 



October 1939 



ta:tdem air propellers - n 

By E. P. Lesley 



SUMMARY 



Tests of three-blade , ad justable-pi t ch count errotat- 
ing tandem model propellers, adjusted to absorb equal 
power at maximum efficiency of the combination, were made 
at Stanford Univer s ity . 

The aerodynamic characteristics, for "blade-angle 
settings of 15°, 25°, 35°, 45°, 55°, and 65° at 0.75R of 
the forward propeller and for diameter spacings of 8-1/2, 
15, and 30 percent were compared with those of three-blade 
and six-blade propellers of the same blade form. 

It was found that, in order to realize the condition 
of equal power at maximum efficiency, the blade angles 
for the rear propeller must be generally less than for the 
forward propeller, the difference increasing with blade 
angle . 

The tests showed that, at maximum efficiency, the 
tandem propellers abs orb about double the power of three- 
blade propellers and about 8 percent more power than six- 
blade propellers having the pitch of the forward propeller 
of the tandem combination. 

The maximum efficiency of the tandem propellers was 
found to be from 2 to 15 percent greater than for six- 
blade propellers, the difference varying directly with 
blade angle. It was also found that the maximum efficiency 
of the tandem propellers was greater than that of a three- 
blade propeller for blade angles at 0.75R of 25° or more. 
The difference in maximum efficiency again varied directly 
with blade angle, being about 9 percent for 65° at 0.75R. 



IHTRODTTCTIOH 



Tests of two-blade oppositely rotating tandem propel- 
lers were carried on at Stanford University in 1913 (refer- 
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ence l). The results wore not premising. It was found 
that the efficiency of the conbinat icn was less than that 
of a s ingle t wo -hi ad e propeller . Although no tests of 
four-hlo.de propellers were made at the tine, it now ap- 
pears that the tandem propellers showed little, if any, 
greater efficiency than would he expected for four -blade 
propellers of similar form designed to absorb the same 
power. It was also found that, in the region of maximum 
efficiency, the torque of either propeller was reduced 
when the other developed thrust. The maximum pitch-dian- 
eter ratios employed in these tests was. 0.9, which corre- 
sponds to a blade angle of 21° at 75 percent of the tip 
radius (0.75E) . 

At about the same time, lanchester showed that tan- 
den propellers might develop considerably greater effi- 
ciency than a single propeller, particularly for pitch- 
dianeter ratios as great as 2 or possibly 3 (reference 2). 

A second experimental study of this subject was made 
at Stanford in 1938 (reference 3), It was shown that, 
compared with four-blade propellers absorbing about the 
sane power , the tandem propellers developed the higher 
efficiency. The gain in efficiency was found to be nore 
pronounced for the pr opelle rs of large blade angles , be- 
ing about 0.005 for 15° at 0.75R and 0.015 for 45° at the 
sane station. It was also found that, for the largest 
blade angle investigated, 45° at 0.-75R, the tanden propel- 
lers were slightly superior in efficiency to a single 
two-blade propeller. In view of the promising results of 
these tests, particularly for the higher blade angles, 
the subsequently described inve s t igat i on was carried on 
at the request and Xtfith the financial assistance of the 
Hational Advisory Committee for Aeronautics. 

The tests reported in reference 3 indicated an effi- 
ciency advantage for tandem propellers that varied di- 
rectly with blade angle. It was therefore presumed that 
greater blade angles would show greater advantages. For 
the airplane speeds now commonly attained , greater blade 
angles than those employed in the previous tests might be 
desirable and, for speeds of 400 to 500 miles per hour 
and for permissible resultant tip speeds, blade angles as 
great as 65° might be required. The range of blade angles 
employed in the present investigation was therefore ex- * 
tended to include 65° at 0. 7 5E. Three blade units were 
chosen for the tanden combination and a six-blade propel- : 
ler for comparison with it. 
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The condition selected for the tanden propeller tests 
was that the powers absorbed by the two propellers should 
he equal at maximum efficiency. Since the angular veloci- 
ties were equal » this condition provided that there would 
he balanced t or que and a slipstream , on the .average , free 
from rotation. 



APPARATUS AID TESTS 



Wind tunnel ,- The experiments were carried on in the 
wind tunnel of the Daniel Guggenheim Aeronautic Laboratory 
at Stanford University. The tunnel is of the Eiffel type 
with open throat, 7-1/2 feet in diameter. The maximum 
wind velocity is 90 miles per hour. 

Dynamometer , - The model propeller dynamometer has 
been described in reference 3. It provides for measure- 
ment of torque on the two propellers independently so that 
the difference in power absorbed as well as the total may 
be determined . Only the t otal thrust is measured. 

M odel propel 1 ers . - The right- an d the 1 e f t -h an d 
three-blade propellers for the tandem combination were 
three-foot-diameter, metal , ad jus t able -pit ch models of 
standard U.S. ilavy plan form and blade sections. The geo- 
metrical pitch-diameter ratio, for a blade angle of 16.6° 
at 0.75E, was 0.7 from O.SE outward to the tip. The 
pitch-diameter ratio gradually decreased toward the hub 
from 0.6E to 0.42 at 0.15E. Dimensioned drawings and sec- 
tion ordinate s of the blades (designated E) are given in 
reference 4. 

In the six-blade propeller, to provide sufficient 
room for the blade-clamping device, the hub was made 1 
inch greater in diameter than the three-blade hubs. The 
blades were thus set out l/2 inch, making the propeller 
37 inches in diameter. As a result, there were slight 
differences in pitch-diameter, width-diameter, and thick- 
ness-width ratios as functions of the ratio of station 
radius to tip radius (r/E) for the three-blade and the 
six-blade models, as shown in figure 1. While these dif- 
ferences might conceivably have s*onse effect on compara- 
tive tests of three-blade and six-blade propellers, it is 
believed that such an effect would be insignificant in 
comparison with the effect of difference in solidity. The 
appearance of the propellers, when mounted on the dynamom- 
eter ready for test , is shown in figures 2 and 3. 
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Tests, - Costs were nado of each propollor alone, 
three-blade right-hand, three-blade left-hand , and six- 
blade, for blade., angles cf 15°, 25° , 35°, 45°, 55°, and 
S5° at Q.75K. Tests of the tanden propellers were nade 
with the forward (right-hand) propeller also set at these 
blade anrleo but with the rear (left-hand) propeller ad- 
justed to abs crb the sane power as the forward propeller 
at naxinun efficiency of the conbination. lor the 25° 
blade angle of the tanden propellers , three axial spac- 
ing were employed, 8-1/2 percent, 15 percent, and 30 
percent of the dianeter, fror.; center to center of the 
blade shanks. Other tanclen-prcpeller tests were nade at 
the 15-percent-dianeter spacing only. 

Constant angular velocities were used for each blade 
angle, variation in the parameter V/nD (pitch-diane ter 
ratio) being secured through change of the wind velocity. 
Because of lini tat ions imposed by naxinun wind speed and 
by poxtfer and rotational speed available in the dynanone- 
t er , the rotational speeds employed were 2 , 100 , 2 , 100 , 
1,575, 1,150, 900, and 650 r.p.m. for the 15°, 25°, 35°, 
45°, 55°, and 65° blade angles, respectively • The Reynolds 
ITunber of the tests thus varied fron 0.116 to 0.036 full 
scale, assuming full-scale propellers 9 feet in dianeter 
turning at 2,000 r.p.n. The test data were reduced to 
the coefficient form: 

2 

Thrust coefficient, Cm = 



Power coefficient, Op = 



pn 2 lT 
P 

pn 3 D 5 



Efficiency, n - 51 « 2l X 

P Cp nD 

Speed power coefficient, Cc 
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is propeller thrust. 
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nass density of the 
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n, 


revolutions per unit 


tine . 
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pr op e 1 1 o r d i an e t e r . 




P, 


power absorbed . 




V, 


velocity, 
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RESULTS AITD DIS0USSI01T 



The difference in "blade angle required to meet the 
condition of "balanced torque at maximum efficiency of the 
tandem propellers is shown in figure 4. It agrees close- 
ly, possibly within the error of measurement, with that 
found in reference 3. The conclusion reached in reference 
1, that to absorb equal power the two propellers should 
have the, same pitch-diameter ratio, appears to have "been 
not far wrong for the "blade angles employed, 12° to 21°. 

That the difference should vary directly with "blade 
angle night have been predicted. From momentum theory, 
the forward propeller induces increments to the velocity 
of the air stream acting on the rear propeller. The axial 
increment, induced by thrust* decreases the angles of at- 
tack of the rear propeller blades. The c ircumf er ent ial 
increment, induced by torque, increases the angles of at- 
tack, Prom blade-element theory , thrust varies inversely 
and torque directly with blade angle. Therefore, as the 
blade angle of the forward propeller is increased, the 
angles of attack of the rear propeller tend to become pro- 
gressively greater and its blade angle must be reduced to 
realize the condition of balanced torque. It further seems 
quite possible that, at the 15° blade angle, the axial 
increment of veloc i ty is great enough to more than over- 
come the effect of the circumferential increment. The 
rear propeller blades must thus have a greater angle for 
balanced torque, as shown. 

Variation in axial spacing of tandem propellers is 
found to have a minor effect on performance. Figure 5 
shows the results of tests for the 25° blade angle. It 
may be seen that, for continued- "balanced torque, the blade 
angle of the rear propeller is increased somewhat as the 
spacing becomes greater. The thrust and power coefficients 
also vary slightly and directly with axial spacing. This 
variation is perhaps little more than would be expected 
from the change in blade angle of the rear propeller. Sim- 
ilar results were derived from the tests of reference 3. 

The apparent effect of spacing on efficiency is ex- 
tremely small, but that indicated by the present tests is 
opposite to that shown in reference 3. In either case, 
however , the change in maximum efficiency, pre sum ably 
brought about by variation in spacing, is-less than 1 per- 
cent. Since the offsets are small and inconsistent, 



they may "be attributed to experimental error. As evi- 
denced by consecutive tests of a single propeller, the 
probable error in maximum efficiency is about 0.005. 

The test data for right-hand three-blade, six-blade, 
and tandem propellers are given in tables I, II, and III. 
For the tandem propellers, C p and C g are coefficients 
computed for the total power absorbed and a coeffi- 

cient for total thrust. The values in the colun headed 
Cp(EH-LH) are the difference in power coefficients of 
the forward (right-hand) and rear (left-hand) propellers. 

In figmres 6, 7, and 8, Cp, Cj, and rj are repre- 
sented as functions of V/nD. In these figures, logarith- 
nic scales are employed, which perraits showing small and 
large numerical values of the data with equal relative 
accuracy and, at the sane tine, keeps the diagrams within 
moderate size. These figures wore prepared by plotting 
the tabular to ar i timet ical scales , drawing representa- 
tive curves, and taking off values of Crp, Cp, and ri 

at convenient points* If plotted, points will be found 
to lie, with few exceptions, upon or very close to the 
curves shown. Design charts for the selection of three- 
blade, six-blade and tanden propellers are shown in fig- 
ures 9, 10, and 11 ♦ 

Graphical and tabular data for the three -blade left- 
hand propellers are, in the interest of brevity, omitted 
from this report. It was fouda that the results of tests 
of right -hand and left-hand propellers wore , within the 
Units imposed by probable errors in blade angles and in 
experimental observations, substantially the sane. The 
probable error in blade angle is ±0.1°. Because of pos- 
sible inclination of the mandrel on which the propellers 
were placed for blade-angle adjustment and measurement, 
the error may have been of one sign for the right-hand 
propellers and of the opposite sign for the left-hand pro- 
pellers. A difference in blade angle of 0.2° is suffi- 
cient to account for the major part of the disagreement 
in results of tests. 

figure 12 shows the effect of each propeller of the 
tandem combination upon the power absorbed by the other 

at maximum efficiency (« v ) . For the forward propeller, 

m a x 

the effect shown was derived by direct- comparison of the 
Cp for that propeller when alone with the Cp when in 
the tandem combination. In the second case, Cp is gen- 
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erally one half the Cp for the tanden propellers as a 
whole since, at na.xin.un efficiency, the torque was "bal- 
anced as nearly as practicable. For the rear propeller, 
it was necessary to interpolate power coefficients for 
the propeller alone "because generally that propeller was 
tested alone only at the sane blo,de angles as the forward 
propeller* A check test for the rear propeller at 53. 1° 
was nadct The coefficients agreed closely with those do- 
rived by interpolation. 

Figure 12 shows that the rear propeller has. a negli- 
gible effect on the power absorbed by the forward propel- 
ler for blade angles greater than 25°. At lower blade 
angles, the power absorbed by the forward propeller is 
decreased, by the action of the rear propeller, For the 
rear propeller, the power absorbed is greatly increased 
by the forward propeller at the largest blade angle and 
reduced by about the saneanount at the snallest blade an- 
gle. This figure is effectively in agreenent with figure 
4. It also' bears out the conclusion of reference 1 that, 
for blade angles of 21° and less, the power absorbed by 
either propeller is reduced by the presence of the other. 

A sunnary of performance characteristics at naxinun 
efficiency for three-blade, six-blade, and tanden propel- 
lers is shown in figure 13. It is evident fron this fig- 
ure that, for blade angles above 25°, the power absorbed 
by the tanden propellers is about twice that absorbed by 
a single three-blade propeller of the sane size. for 
blade angles less than 25° , there is a narked reduction 
of the ratio. The tanden propellers absorb an average of 

8 percent more power than six-blade propellers of equal 
size . 

For all blade angles, the tanden x>ropellers have 
greater naxinun efficiency than six-blade propellers. 
The difference varies directly with blade angle and be- 
comes about 15 percent at 65°, for blade angles above 25°, 
the naxinun efficiency of tanden propellers is greater 
than that of single three-blade propellers. The differ- 
ence again varies directly with blade an gl e an d is about 

9 percent at 65°. Por blade angles less than 25°, the tan- 
den propellers show less naxinun efficiency than three- 
blade propellers. 

The relation of the naxinun- ef f ic i ency curves for 
three-blade and tanden propellers nay be predicted. The 
difference in naxinun efficiency at the 15° blade angle 
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is loss than the difference in ideal efficiency of nonoa- 
tun theory* The rotational energy in the slips treaxi of 
the three-blade propeller set 15° is snail and therefore 
little is to he gained through even complete, conservation, 
as shown by Lanchester in reference 2. On the other hand, 
the difference in ideal efficiency for the 65° "blade an- 
gle is one-fourth that for the 15° "blade angle. The rota- 
tional energy of the slipstream of the three-blade propel- 
ler set 55° is many fold greater. Even part ial conserva- 
tion may therefore result in considerably improved 
efficiency. 



Calculations for efficiency, (pased on conMnod blade 
element and n on on tun theories, yielded results qualita- 
tively in agreement with tests, but the differences found 
were loss than those shown in figure 13. A source of rela- 
tive efficiency for the rear propeller that was greater 
than calculated nay be Katznayr effect. The rear propel- 
ler blades move in a wind strean of variable velocity and 
direction induced by the forward propeller. It has been 
shown that, in an oscillating wind strean, the drag of an 
airfoil, referred to the nean direction of flow, becomes 
smaller and may even be negative (reference 5). This ef- 
fect would increase the computed relative efficiency of 
the rear propeller and thus that of the tandem combination. 

Figures 10 and 11 show, as would be expected fron 
figure 13 , greater efficiency for t and en propellers than, 
for the six-blade propeller at all values of 0 S . Figures 
9 and 11 indicate greater efficiency for tanden propellers 
than for three-blade propellers at values of C s greater 
than about 1.3. For equal power, revolutions, and veloc- 
ity (equal C s ) , the dianeter and hence the tip speed will 
be greater for three-blade propellers than for tanden pro- 
pellers. Tip speed nay affect efficiency. It therefore 
seons that a more logical basis for comparison of effi- 
ciency than at equal values of C s is at equal velocities 
of advance and tip speeds, or at equal valxies of V/nD. 
The 7/ nD for equal maximum efficiency of three-blade and 
tandem propellers is about 0.35. For greater values of 
V/nD, tanden propellers have the greater naxinun effi- 
ciency. For a resultant -tip speed of 1 , 000 feet per sec- 
ond, the velocity of advance at 7/ nD ~ 0.85 is .about 180 
miles per hour. For lower tip speeds, the velocity of 
advance is proportionally reduced. It may be thus seen 
that tandem propellers will have, at permissible tip speeds, 
greater efficiency than three-blade propellers at veloci- 
ties of advance in excess of 180 miles per hour,. 
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^ Tanden propellers appear to give no promise of in- 

proved airplane performance at velocities "below 180 niles 
per hour unless the t ip speeds are less than 1 , 000 feet 
per second. They should have, however, particularly in 
the estimation of the airplane pilot, t\*o incident ial ad- 
vantages that nay conpensat e for a snail loss of effi- 
ciency at low speed* These are: (l) improvement in longi- 
tudinal control through elimination of rotation from the 
air stream which acts upon the tail surfaces; and (2) im- 
provement in lateral control through removal of rolling 
moment due to unbalanced torque* 

Tandem propellers may possibly result in a decrease 
of weight-power ratio from that attainable with single 
propellers* It may be assumed that the tandem propellers 
would have twice the weight of three-blade propellers of 
the same size and that the weight of similar propellers 
varies as the cube of their linear dimensions. . If these 
assumptions are tenable, the weights of tandem and three- 
blade propellers for equal power and at equal tip speeds 
will be in the ratio of 1 to ^/2. 

Aside from design of pitch-control mechanism, tan- 
dem propellers appear to present but two possibly diffi- 
cult problems: elimination of noise and of danger from 
structural failure * 

The rear propeller blades especially, as they pass 
through an air stream of variable velocity and direction, 
produce noise. The frequency of the sound waves, is, for 
equal rotational speeds of three-blade tandem propellers, 
6 n. The intensity and the volume of the sound depends 
upon the violence of velocity and directional changes en- 
countered by the blades and upon the amplitude of the vi- 
brations induced in them* 

In the present model tests, the noise of the tandem 
propellers was most noticeable at the higher rotational 
speeds used for the smaller blade angles. If the volume 
of sound should increase continuously with scale, the noise 
of tandem propellers may const itute an object ional feature 
in -flight. 

It is obvious that, because of variation in load, 
forced vib rat ions of the same frequency as that of the 
sound waves will be impressed upon the propeller blades. 
If this frequency is equal or close to that for some mode 
of elastic vibration' of the blade itself, there will be • 
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increased amplitude of vibration with resultant stresses 
possibly greater than allowable. 

Although there was no evident blade flutter during 
the nodel-propeller tests, it is believed this problem 
nay be serious in full-scale operation. The frequency 
for the first node of vibration for the model blades was 
found, by experiment, to be about 90 cycles per second. 
The frequency for the second node was estinated to be 
about 560 cycles per second. Por geometrically and elas- 
tically similar blades, the frequency of vibration varies 
inversely .as the linear diaonsions, and thus the frequency 
for the second node of vibration of a 9-foot propeller 
would he 106 cycles per second. But at 1,860 r.p.m., the 
frequency of forced vibration of three-blade tanden pro- 
pellers will also be 186 cycles per second. 

The frequency of elastic vibrations will be increased, 
in rotation, by the stiffening effect of centrifugal force. 
It appears, however, that, for full-scale propellers of 
sinilar forn and material to the models, the frequency 
for the second node of elastic vibration nay be dangerous- 
ly near that of the forced vibrations* In any event, it 
seens that the possible effect of synchronous forced and 
elastic vibrations in proposed installations of tandem 
propellers should be investigated. 



COHCLUSIOIJS 



These tests have shown that, for blade angles of 15° 
to 65° at 75 percent of the tip radius (0.75R), identical, 
counterrotatin^, three-blade, closely spaced tanden pro- 
pellers, adjusted to absorb equal power at maximum effi- 
ciency, have from 2 percent to 15 percent greater efficien- 
cy than that of six-blade propellers of sinilar blade forn. 

Tanden propellers have lower maximum efficiency than 
single three-blade propellers for blade angles at 0.75E 
less than 25°. Per larger blade angles, the tanden pro- 
pellers have an increasing advantage which becomes about 
S percent at 65°. 

Tanden propellers absorb, respectively, about 8 and 
100 percent more power than six-blade and three^blade pro- 
pellers of equal size. 

Daniel Gug^enhein Aeronautical Laboratory, 

Stanford University, September 20, is39» 
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,742 


2,025 


.0753 


,1962 


8.802 


.777 


1,944 


.0876 


,2137 


2.647 


,797 


1.856 


.0997 


*8291 


2,491 


.807 


1,763 


,1120 


,2439 


2,340 


»810 


1.681 


,1221 


•8557 


2.210 


.803 


1.599 


.1298 


,2648 


2,087 


,784 


1,511 


.1315 


.2689 


1,966 


,739 


1.420 


,1319 


,2676 


1.850 


.700 


1,535 


,1328 


• 2674 


1,739 


.662 


l»BOx 


» luv r 


PA TQ 






1.181 


.1356 


.2681 


1.638 


.897 


1,112 


.1369 


,2694 


1,448 


,666 


1,043 


,1385 


,2706 


1.356 


.534 


.988 


.1401 


.2728 


1.275 


.504 


,874 


.1425 


,2775 


1.130 


*449 


,790 


,1453 


.2828 


1.017 


.406 


,694 


*1465 


,2905 


^888 


,360 


,567 


.1503 


*2980 


,723 


$286 



TABUS I 



Tbxde-Blad# Right-Hand Propeller 





65° at 0*75 


R 




V/nD 




C P 


c 

8 




2. 925 


V/.VOOO 


0.3594 


3*593 


0*705 


2,863 






3*494 


.726 


2.783 




« OO fV 


3.365 


.737 


2,704 


.1107 


.3991 


3.250 
3.155 


,750 


2.640 


* XXO% 

.1254 


, ^X XX 


,760 


2*666 


,4200 


3.050 


,766 


2.506 


.1317 


.4282 


2*962 


.769 


2,426 


.1371 


.4361 


2.861 


.762 


2.369 


.1402 


.4392 


2*790 


,756 


2*291 


.1415 


.4414 


2*699 


.735 


2.223 
2,139 


.1416 


.4392 


2*620 


*717 
,703 


.1412 


,4337 
,4259 


2»547 


2.077 


,1404 


2*460 


.684 


2*013 


*1305 


,4210 


2.394 


,668 


1.926 


,1375 


,4135 


2,299 


,641 


1.865 


»1368 


*4086 


2*232 


,624 


1.784 


*1358 


,4028 


2*142 


,602 


1.730 


,1354 


*4001 


2*079 


*588 


1.658 


.1343 


.3963 


1.996 


*564 


1*587 


.1335 


,3940 


1*910 


,538 
,521 


1.527 
1,467 


.133.6 


.3912 


1,842 


,1327 


,3886 


1*772 


,502 


1.381 


.1329 


.3873 


1.870 


.474 


1.895 


.1331 


,3886 


1*583 


.443 


1.193 


.1338 


.3898 
.3961 


1.441 
1*283 


.410 


1*066 
.941 


»136S 


,365 


.1357 


.3968 


1.132 


.322 


,814 


.1348 


,3967 


,979 


.277 



b 

* 



TABLE I 



Thr®$-Bl&d® Right -Hand Propeller 



65® at 0,75 R 


xr /win 
v/nu 


c 

c T 


°P 


C 










4,240 


0,640 




1XK1 


*808 


4.109 


»658 


% RAG 


» AUPJ, 




4,031 


» 863 


* Ann 


» *1WW 


014 

a OA* 


3,954 


.670 


v. f J50 


,1520 


» OJLsJ 


3,880 


,679 




.819 


3.828 


,683 


% Ann 

O. QUO 


* xoov 


.820 


3,751 


,686 




« lOvv 


,821 


3,677 


,689 


w Jon 




,820 


3 $019 


*689 


3,413 


.1647 


,815 


3,853 


.690 


3.330 


,1631 


.808 


3«474 


*68X 


3,259 


.1636 


.801 


3.403 
3,360 


,666 


3.203 


.1616 


.791 


.654 


3,120 


,1692 


*772 


3.262 


*644 


3.049 


,1561 


.752 


3,231 


.653 


2.966 


.1616 


.729 


3.163 


,617 


2.861 


.1475 


,773 


3,072 


,600 


2.800 


.1433 


.683 


3,023 


.686 


2,699 


,1380 


.660 


2,933 


.385 


2.609 


.1339 
.1302 


,638 


2.832 


*548 


2.612 


.619 


2.763 


,528 


2,466 


.1275 


.608 


2.720 


,517 
,503 


2.403 


,1249 


.597 


2,667 


2,300 


.1202 


,572 


2.572 


,484 


2.217 


.1142 


.556 


2.492 


.455 


2.127 


.1127 


.547 


2*399 


.438 


2.065 


.1108 


.641 


2.333 


,423 


1.952 


,1078 


.529 


2,212 


.398 


1.804 


.1047 


.520 


2.058 


.363 


1.676 


.1019 
.1010 


.616 


1.913 


.331 


1.550 


.512 


1.703 


,306 


1.368 


.1005 


•506 


1.570 


.272 
.238 


1.196 


.1000 


.503 
.500 


1.368 


.987 


.1000 


1.131 


.197 



TABLE II 



Six*Blade Right-Hand Propeller 



13* at 0.7© R 










n 


0*685 


0*0216 


0*0368 


1*379 


0*465 


*84£ 


,0487 


•0448 


1*196 


• 689 


• 694 


.0630 


,0344 


1.063 


• 68ft 


• 848 


*0784 


•0021 


• 946 


• 894 


• 496 


,0060 


.0698 


.844 


.686 


• 488 


,1077 


• 0758 


• 771 


.668 


+416 


,ii98 


.0783 


.692 


.636 




•1314 


•0882 


• 613 


.594 


.848 


•1386 


.0844 


.368 


• 563 


•897 


.1484 


•0873 


.484 


• 608 


*258 


•1574 


*0887 


.419 


♦ 458 


.198 


•1707 


.0916 


.310 


.358 



TABUS IX 



Six-Blade Right -Hand Propeller 



85* at 0.73 R 


V/nD 










1,099 


0.0391 


0.0719 


1.860 


0.898 


1.067 


• 0661 


•0864 


1,742 


,681 


1.085 


,0722 


,1008 


1.620 


•733 


.976 


.0894 


• 1147 


1,506 


•760 


•988 


• 1062 


.1277 


1.402 


•764 


•883 


♦ 1185 


• 1378 


1.315 


•761 


• 836 


• 1847 


• 1479 


1,227 


.761 


.788 


.1485 


.1561 


1.143 


• 749 


.748 


• 1625 


• 1646 


1,064 


,733 


• 689 


• 1777 


.1726 


• 979 


• 709 


• 638 


•1897 


♦1779 


• 902 


.680 


• 586 


.2023 


•1823 


• 822 


.648 


•536 


.2138 


•1838 


.749 


• 616 


.480 


•8871 


•1889 


,669 


,677 


.448 


•2331 


.1901 


• 620 


.546 


• 382 


.2400 


.1946 


•530 


• 471 


• 306 


•2411 


,2029 


.419 


,362 


.201 


•2443 


•2062 


.276 


♦238 



TABLE II 
Six-Blade Right -Hand Propeller 



3B« at 0.75 R 


V/aD 


T 


r 


B 




1.689 


0.0856 


0.1433 


2.348 


0.615 


1,543 


.0761 


.1682 


2.202 


.689 


1.512 


.0861 


.1807 
.1908 


2*130 


.720 


1.481 
1.460 


.0948 


2.060 


.736 


.1030 


.1994 


2.014 


.754 


1.452 


.1119 


.2089 


1.968 


.767 


1.402 


.1228 


.2219 


1.893 


.776 


1.375 


• 1291 


• 2286 


1.845 


.777 


1.345 


.1408 


.2596 


1.789 


.790 


1.314 


.1477 


.2468 


1.737 


.786 


1.286 


.1576 


.2587 


1.687 


.790 


1.247 


• 1666 


.2660 


1.625 


.781 


1*221 


.1743 


.2721 


1.585 


.782 


1.184 


.1840 


,2806 


1.627 


.776 


1.153 


•19B7 


.2880 


1.479 
1.432 


.772 


1.120 


.2009 


.2941 


.764 


1*058 


,2150 . 


.3038 


1.544 
1,231 


.749 


• 991 


.2509 


• 3132 


.730 


*926 


.2401 


• 5233 


1.160 


.687 


.855 


.2364 


•3251 


1.071 


.621 


.724 


.2400 


.3300 


.905 


.626 


.518 


.2520 


.3438 


,642 


.380 


.388 


.2667 


• 3512 


,478 


• 283 


.241 


• 2646 


.3678 


,296 


.172 



TABLE II 
Six-Blade Right -Hand Propeller 



* 



45* at 0.75 R 


V/nT 


C m 


C_ 
P 


8 




2,180 


0.0918 


0.3068 


2.767 


0.654 


2*128 


.1060 


.3271 


2.661 


.689 


2,099 


• 1139 


.3401 


2.607 


.702 


2.054 


.1268 


•3660 


2.526 


.732 


2,023 


• 1354 


.3707 


2.470 


.739 


1.968 


.1601 


.3900 


2.377 


.757 


1.940 


• 1578 


• 4044 


2.329 


.767 


1.878 


.1729 


.4230 


2.228 


.766 


1.811 


.1883 


.4418 


2.132 


.773 


1.749 


.2046 


.4590 


2.041 


,779 


1.685 


.2167 


,4730 


1.952 


.771 


1.644 


.2269 


,4810 


1.899 


.772 


1. DWC 


Q%"\ ft 




x » o*±o 


.766 


1.528 


.2369 


.5012 


1.781 


.722 


1,444 


.2403 


• 5068 


1.650 


.685 


1,331 


.2409 


.5027 


1.526 


.637 


1,194 


.2440 


,5038 


1.366 


.578 


1,087 


.2471 


.5046 


1.244 


.532 


.936 


.2541 


.5108 


1.069 


.466 


.736 


.2613 


.5198 


.838 


,370 


.578 


.2648 


.5315 


.656 


,288 


.339 


.2614 


.5315 


.384 


,167 



>~3 

O H 
O CD 

0 



Six-Blade Right-Hand Prop©Xl©3? 



65* &t 0*78 R 








C B 


n 


2*888 


0.1467 


0*662 


3*134 


0.634 


2U8X7 


,1628 


.690 
,702 


3*033 


,864 


2*776 


*1725 


8*978 


*682 


2*733 


*1820 


*720 


2*920 


.698 




*X897 


*735 


2 4*862 


*@98 


2* $47 


S X985 


*747 


2*804 


*70$ 


8*598 


*2X0X 


,762 


2*741 


.718 


*2247 


,781 


2*640 


*723 




.2350 


*789 


2*59$ 


♦729 


8*44& 


.2370 


,79a 


8*360 


,728 


2*410 


.24X1 


*808 


2*- 380 


* 724 


2*357 




.808 


2«48S 


,721 


2*3X2 


,2511 


,8X5 


2*409 


*713 


2*247 


.25S3 


,818 


8*337 


.696 


2* SOS 


*2568 


.8X7 


2*890 


*69& 


2*178 


■ ,253S 


,814 


2*867 


;878 


saos 


,2539 


,803 


2*198 


.864 


2*030 


,2331 


,792 


2*152 


.650 


1.968 


*2SX9 


.731 


2*060 


,832 


1,899 


.8496 


.769 


1*989 


.618 


1,822 


.8484 


,761 


1*987 


.595 


1.760. 


• 2470 


.734 


1*886 


.576 


1*689 


.2467 


.746 


1,792 


.638 


1*621 


.2438 


.742 


1*722 


.537 


1*564 


,2468 


.738 


1*632 


.522 


1 » 489 


.2465 


.733 


1*584 


.499 


1*380 


.2460 


.786 


1*478 


.469 


1*138 


.2443 


.726 


1.214 


.383 


,900 


.2436 


.729 


*963 


«303 


,861 


.2430 


.729 


,706 
*546 


.220 


.5X1 


.2432 


.727 


.171 



Six-Bla&e Right -Hand Propeller 



63* at 0.73 R 


V/aD 


• 




°® 




3*961 


0*2202 


1.320 


3.648 


0*574 


3*889 


,2323 


1*523 


3.578 


.591 


3*807 


,2420 


1*533 


3,499 


*600 


3.741 


,8500 


1,333 


3.440 


*609 


3.680 


*2864 


1*537 

um& 


3,388 
3*328 


*6X2 


5.620 


.2645 


*624 


3.000 


*2725 


1*536 


3*271 




3*5310 


.2754 


1*535 


3*227 


.630 


3.434 


,2820 


1*533 


3,158 




3.371 


*88S0 


1*527 


3*102 
S.QXB 


*629 


3,270 


»2872 


1*5X7 




5*200 


*88$7 


1*504 


8,9&0 


«mw 


3*142 


.2830 


1,481 


2.9X3 


*600 


3*059 


*2800 


1.451 


2,843 


*S90 


2*992 


.2757 


1*421 


2.791 
2.754 


*580 


2*942 
2*870 


.2720 


1*397 


*573 


.2647 


1*358 


2*699 


.36© 


2*820 


.2320 


1*337 


2.660 
2«68X 


.338 


2.765 


*2S86 


1*303 


,342 


8.665 


.8478 
.2428 


1.238 


2*546 


,583 


2.379 


1*284 


2.479 


.518 


2.433 
2.311 


.8555 


1.169 


2*361 


.491 
.469 


.8296 


1*138 


8.238 


2.211 


.2236 


1.106 


8.170 


.461 


2.036 
1.914 


.8176 


1*061 


8.0X6 


.417 


.2123 


1*055 


1*900 


,393 
.338 


1.689 


.20X8 


1,023 


1.683 


1*568 


.1986 


1.007 


1.666 


.309 


1*488 


•1948 


.996 


1,429 


.878 


1*248 


.1876 


.972 


1.253 


,841 



TABLE III 



Tandem Propeller® 



Three-Blad® Right-Hand^ %5® at 0*75 R • Wor®m*& 
Three-Blsde L©£t~Hand| 15*2* at 0,75 R; Rear 
XS-Pereenfc-Bisiae'fcer Spacing 


V/aD 




Op 






KH*^LE 




0*704 


0*0228 


0*0351 


-0*0030 


1*377 


0*437 


% 653 


*0438 


.0448 


- *0024 


1*215 


♦ 638 


.602 


*0645 


♦0366 


« *00X2 


1*072 


,698 


«587 


♦08X3 


,0642 


<* ,0004 


.93* 


♦705 


*aoo 


.1033 


*0744 


*0Q01 


*84X 


,694 


*476 


.1108 


•0773 


,0003 


*794 


♦ 883 


,426 


•1273 


♦ 0843 


*0008 


*699 


•643 


*384 


*14XS 


♦0887 


«0008 


♦ 624 


,614 


,34®. 


,1500 


♦on© 


aOooe 


♦ 363 


,676 


♦ 311 


• 16X7 


•0939 


«0002 


,500 


• 536 


,274 


,1710 


*0964 


*0004 


«438 


,488 


,228 


♦ 1834 


,0082 


~ ,0001 


,363 


.426 


,176 


*1940 


♦0990 


- «00Q9 


,280 


.345 



TABLE III 



Tandem Propellers 



Three-Blade Right-H&ndf 25* at 0*73 R$ Forward 
Three** Blade Le£t>HandJ 24*5® at 0*70 R| Bear 
8,5 - Percent-*Mameter Spaeing 


V/nD 




°3 


P 


RH*LH 


n 


RH+ia 


RH-LH 


1,120 


0*0566 


0.0659 


0*01X5 


1,930 


0*622 


1.078 


.0337 


*0839 


♦0063 


1*770 


•690 


1*037 


♦0720 


♦0986 


.003© 


1,649 


*7S7 


.988 


♦0923 


♦ 1132 


♦0036 


1,524 


♦793 


•946 


,1080 


♦ 1S72 


vOOSS 


1,431 


♦ 803 


*898 


aa$8 


♦ 1411 


♦ 0023 


1*330 


♦800 


,849 


.1449 


♦ 1543 


♦0009 


1*233 


♦ 796 


♦802 


.1890 


♦ 1636 


♦0000 


1,152 


,779 


.755 


♦ 1741 


♦ 1735 


-•0007 


1.072 


♦ 737 


.702 


.1887 


• 1825 


-.00X7 


,986 


♦726 


.652 


,206f* 


♦ 1906 


-«002S 


,908 


♦ 704 


♦ 398 


.2236 


♦ 1982 


- , 0044 


« 826 


♦ 674 


.562 


,2333 


,2032 


-,0047 


,759 


♦639 


.490 


♦ 2526 


,2068 


«*0072 


.671 


,598 


.444 


♦ 2603 


♦ 2102 


-,0072 


,607 


♦ 550 


♦ 397 


,2707 


♦ 2142 


-.0090 


.340 


.601 


.303 


♦ 2806 


.2271 


«,0102 


,407 


.374 



TABLE XIX 



Tandem Propellers 



Three-Blade Right-fiand^ 26* at 0,75 H; FemM 
Three-Blade Left-Hand; 24*8* at 0.73 R; Rear 
15~?er©ent-Biaiaeter Spacing 


Y/nD 




Op 


RB+LH 


n 


BE*LE 


RH-XH 


1.12X 


0.0374 






1.908 


0.698 


1.081 


.0560 


« vow / 




1.767 


.694 


1.042 


.0757 


.1034 


.0021 


1.643 


.763 


.998 


.0935 


.1163 


.0014 


1.636 


.802 


*947 


.1145 


.1366 


.0010 


1.413 


.800 


.904 


.1288 


,1457 


*0006 


1.330 


,800 


.863 


.1453 


,1579 


.0005 


1.239 


*7S8 


.806 


.1828 


.1893 


-.0006 


1,150 


,776 


,766 


.1782 


.1785 


«.,00X3 


1.067 


.735 


,706 


.1960 


.1888 


-.0023 


.984 


.733 


.661 


.2X12 


.I960 


-,0020 


.902 


.703 


.601 


.2273 


.2030 


~*0036 


.826 


• 674 


.044 


.2423 


.2078 


«*0049 


.745 


.633 


.497 


.2543 


.2113 


-.0067 


.678 


.698 


.449 


.2646 


• 2143 


-.0078 


.611 


,554 


.395 


.2736 


.2193 


-.0100 


.534 


.493 


.307 


.2780 


.2294 


-.0123 


.412 


.372 



TABLE III 

Tandem Propellers 



Three- Blade Rlght-Handf 25* at 0*73 R; Formed 
Three-Blade £e£ t-Hend? 26* at 0*76 R,* Rear 
30~Pere#nt-Biameter Spacing 


V/nD 


Cm 

T 


Op 


c* 

RH4-IH 


t) 


RH+LH 


HB-LH 


1.121 


0.0375 


f Jus 




1.902 


0,591 


1.070 


.0609 






1.727 


.714 


1.028 


.0796 


.1080 


.0008 


1*606 


.760 


.981 


.0976 


,12x5 


.00X0 


1.496 


.787 


,949 


.1129 


.1360 


.0008 


1,4X8 


.794 


.899 


. 1311 


.I486 


,0006 


1.3X8 


.793 


.860 


.3.481 


,1614 


• ,0001 


1*225 


.780 


.803 


.1640 


.1706 


- .0005 


1. 144 


.772 


.756 


.1810 


.1808 


- ,0009 


1*065 


.756 


.708 


.1955 


.1896 


* ,00X5 


,984 


.727 


.648 


.2132 


.1980 


* ,0028 


.896 


.698 


.594 


.2296 


.2036 


- .0040 


.8X6 


.670 


.346 


.2425 


,2094 


- ,0052 


,745 


.632 


.499 


.2546 


•2119 


- .0066 


.681 


.599 


.449 


.2650 


,2169 


,0087 


.6X0 


• 549 


.394 


.2785 


.^270 


<* ,0X08 


.530 


.474 


.309 


.2768 


.2368 


- .0X37 


.412 


,361 



TABLE III 
Tandem Propellers 



— - — " 

Th2?ee»Bl&de Ri^t-Handf 33® at 0*75 R s * Fomrd 


Tha»«M&~Bl&de Le£t~H&»d| 34*3* at 0*75 R; 




13-P®3^mt~3U^et« Spring 










t* 

C 8 


n 






BH+iH 




1*607 


0*0©7-a 
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Figure . 1.- Blade-form curves. D 5 diameter; R, radius to the tip; r 9 station 
radius; b 3 section chord; h 5 section thickness; P s geometric pitch. 



Fig, 4 





































































































— 





- 




















































. — < 






















^/ 
























1 

































X 















































































15° 25° 35° 45° 55° 

Blade angle at ♦ 7bR of forwarl propeller 



65° 



Figure 4.- Difference in blade angles for equal torque at maximum 
efficiency of taniem propellers, 
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Figure 7.- Thrust-coefficient, power-coefficient, and efficiency curves for 
six-blade propeller,. 
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Figure 8.- Thrust - coef f icient, power-coeff icient 9 and efficiency curves for 
three -blade right and left hand tandem propellers* 
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Figure 9.- Design ohart for three-blade right-hand propeller* 
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Figure 11.- Design chart for three-blade right and left-hand 
tandem propellers. 
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Figure 12.- Effect of each propeller on the other in the tandem 
combination at maximum efficiency. 
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Figure 13„.~ -Swamaxy -of -reaults-- -at maximum efficiency. 



